In an effort to provide, assess, and evaluate a theoretical approach which enables designing efficient donor-acceptor dye systems, the electronic structure and optical properties of pyran-squaraine as donor-acceptor dyes used in dye-sensitized solar cells were investigated. Ground state properties have been computed at the B3LYP/6-31+G * * level of theory. The long-range corrected density functionals CAM-B3LYP, PBEPBE, PBE1PBE (PBE0), and TPSSH with 6-311++G * * were employed to examine absorption properties of the studied dyes. In an extensive comparison between experimental results and ab initio benchmark calculations, the TPSSH functional with 6-311++G * * basis set was found to be the most appropriate in describing the electronic properties for the studied pyran and squaraine dyes. Natural transition orbitals (NTO), frontier molecular orbitals (FMO), LUMO, HOMO, and energy gaps, of these dyes, have been analyzed to show their effect on the process of electron injection and dye regeneration. Interaction between HOMO and LUMO of pyran and squaraine dyes was investigated to understand the recombination process and charge-transfer process involving these dyes. Additionally, we performed natural bond orbital (NBO) analysis to investigate the role of charge delocalization and hyperconjugative interactions in the stability of the molecule.
Introduction
Dye-sensitized solar cells (DSSCs) have the potential to compete with conventional silicon solar cells, because of their low-cost of manufacturing, great aesthetic features (color, flexibility, and transparency), and potential for indoor and outdoor implementation. Typical DSSCs are composed of a chromophore that is anchored to a mesostructured, semiconducting TiO 2 anode. The improvement of solar energy-to-electricity conversion efficiency has continued to be an important research area of DSSCs [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] . The designed dyes that have the structural feature of donor -conjugatedacceptor (D-A) system can usually achieve an efficient photovoltaic performance [12, 13] . The properties of D-A dyes can be easily tuned by varying donor, spacer, and acceptor moieties [14] [15] [16] [17] [18] . From this perspective, the dyes play an important role in gaining higher solar-to-electricity conversion efficiency because the performance of DSSCs strongly depends on the following factors which are the criteria for a good dye sensitizer: (1) wide absorption wavelength in visible to near infrared (IR) region to get most of the sunlight; (2) easy electron injection from the excited state of the dyes to the conduction band of TiO 2 due to suitable energy levels (HOMO and LUMO), and (3) good electron transfer from the donor to acceptor [19] that would reduce recombination between holes and electrons.
The squaraine class of molecules is well known for its spectroscopic characteristics. The photochemical and
Computational Methods
Ground state equilibrium geometries of the studied Py and squaraine dyes were fully optimized at the DFT level using the B3LYP hybrid functional with the 6-31+G * * basis set [43] [44] [45] . Frequency calculations were carried out at the same levels of theory in order to characterize the stationary points as local minima. Based upon the optimized geometry, the vertical excitation energies and electronic absorption spectra were calculated using TDDFT [46, 47] . Five density functionals, namely, the B3LYP, CAM-B3LYP [48] , TPSSH [49] [50] [51] [52] , PBEPBE, and PBE1PBE (PBE0) [53] , with 6-311++G * * basis set have been evaluated in order to find out the suitable functional that estimates the absorption behavior of the studied dyes. A possible improvement to get a deeper understanding of the physical nature of the electronic transitions that leans on the representation of an excited state in terms of the NBO
The molecular structures of the pyran and squaraine dyes in the present work.
analysis has been carried out to find out various stabilizing interactions in the ground state [54, 55] . All calculations carried out in the present work were performed using the Gaussian09 program package [56] .
Results and Discussion
The chemical structures of the Py and squaraine dyes studied in this work are depicted in Scheme 1. Figure 2 displays the optimized structure parameters of the studied squaraine dyes (SQ1 and SQ2) computed at the B3LYP/6-311++G * * level of theory. Both SQ1 and SQ2 adopt coplanar conformations. This coplanar molecular structure would improve the electron transfer from the electron donor to the electron acceptor through the squaric ring unit for these dyes. There is no effect on the dihedral angles between benzenoid rings and squaric ring in both SQ1 and SQ2. Addition of a third benzenoid ring on the donor part in SQ2 to produce SQ1 does not affect the orientation of the terminal COOH group. We note a slight decrease of the corresponding bond distances in SQ1 as compared to SQ2. This shortening of bond length is probably due to the presence of the third fused benzene ring which leads to the extension of conjugation and hence more tight binding. Moreover, the length of the bonds between rings and electron-donor groups ranges between 1.38 and 1.43Å showing especially more double bond character which favors intramolecular charge transfer. In designing D-A-D dyes the -conjugated bridge (squaric ring) should be coplanar and therefore the electron can be smoothly injected from the donor moiety to the anchoring group (COOH).
Intramolecular Charge Transfer (ICT).
In designing a dye for DSSCs, there is one main criterion which, involving the FMO's, ought to be carefully considered. The HOMO-LUMO energy gap should be small enough to allow high light harvesting capability of the dye but larger than the LUMO-CB separation to allow injection into the TiO 2 rather than electron-hole recombination.
The recombination process depends on the energy gap of donor and acceptor dyes (LUMO A -HOMO D ); see Figure 1 . The energies of HOMO, LUMO and energy gap (LUMO-HOMO) were collected in Table 1 and Figure 3 . The HOMO value of SQ1 is −5.34 eV which is less than SQ2 by 0.2 eV. As shown in Figure 3 , LUMO energies of SQ1 and SQ2 are more positive than conduction band (CB) of TiO 2 . LUMO energy values of SQ1 and SQ2 are −3.26 and −3.33 eV, respectively, as compared to CB that is −4.0 eV [57] . Electron injection from LUMO of the excited sensitizers to the conduction band of TiO 2 should be energetically favorable because of the more positive LUMO values of the dyes as compared to the CB energy level of the TiO 2 . The energy gap between LUMO of acceptor dyes (SQ) and HOMO of donor (Py) is shown in Figure 3 . It is indicated that the for SQ1 and Py (2.05 eV) is larger than that of SQ2 and Py (1.98 eV). The probability of recombination process in SQ2-Py is, therefore, a little bit higher than that in SQ1-Py.
The maximum open-circuit voltage ( oc ) of the bulkheterojunction (BHJ) solar cell is related to the difference between the highest occupied molecular orbital (HOMO) of the electron donor and the LUMO of the electron acceptor, taking into account the energy lost during the photocharge generation [58, 59] . Theoretical values of open-circuit voltage oc were calculated from the following expression:
The obtained values of oc for the studied molecules calculated according to (1) range from 1.72 to 2.210 eV (Table 1) , being sufficient for a possible efficient electron injection.
These results clearly demonstrate that the studied squaraine dyes are potentially efficient for DSSCs especially SQ1. This conclusion is confirmed by electron distribution of natural transition orbitals (NTO) as shown in Figure 4 . The electron charge density is distributed mainly on the donor units (squaric ring) before light irradiation but moves to the acceptor units close to the anchoring groups (COOH) after light irradiation; this behavior favors electron injection from dye molecules to the conduction band edge of TiO 2 . As seen in Figure 4 , hole is localized on the center and donor moiety of both squaraine dyes, while the particle shows delocalization throughout the molecules. The electron density moves from donor moiety towards the anchoring group in all transitions in both SQ1 and SQ2 dyes. This feature results in directional electron transfer from such dyes to the conduction band of TiO 2 . The anchoring group (COOH) in SQ1 and SQ2 has considerable contribution to the LUMOs which could lead to a strong electronic coupling with TiO 2 surface and thus improve the electron injection efficiency. This would subsequently enhance the short-circuit current density sc . In conclusion, the resulting excited states of both dyes are strongly coupled to the TiO 2 surface, due to charge delocalization involving the anchoring carboxylic acid group.
The Electronic Absorption Spectra.
In order to have more accurate prediction of the spectral properties of SQ1 and SQ2 dyes, TDDFT computations with the 6-311++G * * basis set were carried out in the gas phase. Benchmark calculations have been performed to assess the best functionals for correctly predicting the absorption spectra of the studied dyes, in particular the low-energy transitions. The excitation energies, oscillator strengths, and contributing configurations for the most relevant first three states of SQ1 and SQ2 dyes using B3LYP, PEBPEB, PEB1PEB (PBE0), CAM-B3LYP, and TPSSH DFT methods with 6-311++G * * basis set are collected in Table 2 . The corresponding UV/Vis absorption spectra of these dyes are displayed in Figure 5 . Results showed that the wavelength of the peak maximum ( max ) of ICT spectra is significantly red-shifted in the order PEBPEB > PEB1PEB > TPSSH > B3LYP > CAM-B3LYP. For example, using PEB1PEB, TPSSH, B3LYP, and CAM-B3LYP functionals, max values were calculated to be 671.89, 625.25, 608.09, and 566.25 nm, respectively. Comparisons between the calculated and the experimental spectra of a dye of similar structure of SQ1 predicted that max obtained from TPSSH calculation is 625.25 nm which is in excellent agreement with the experimentally observed value of 627.6 nm [60, 61] . This is in accordance with previous work [29] , which indicates that the TPSSH functional is suitable to predict Figure 3 : The difference between HOMO and LUMO for the studied Py, SQ1, and SQ2 dyes at the TPSSH/6-311++G * * level of theory. the electronic structure for Py dye. This study has reported that the calculated max value of 457.92 nm was in excellent agreement with the observed value of 454.0 nm. Furthermore, the calculated absorption wavelengths of SQ1 and SQ2 at TPSSH/6-311++G * * level of theory are in good agreement with the corresponding experimental value [58] . This agreement confirms the validity of the TPSSH/6-311++G * * level of theory in the prediction of the electronic absorption of squaraine dyes and pyran compounds. Both squaraine dyes show intense narrow absorption bands, but, as a consequence of the extended -system of SQ1, their absorption maximum is markedly red-shifted to 625.25 nm as compared to SQ2 ( max = 567.26 nm). This is true for all DFT methods used in the present work and can be explained, as a consequence of having an extra benzenoid ring in SQ1 and thus more extended conjugation. The absorption spectra of SQ1 show Figure 5 : The UV-Vis absorption spectra of SQ1 and SQ2 dyes calculated by different functionals with 6-311++G * * basis set.
a strong optically allowed band at 625.25 nm, corresponding to the HOMO/LUMO transition, and a less intense band at 738.87 nm roughly corresponding to the HOMO-1 to LUMO transition. On other hand, the TPSSH computed absorption spectra for SQ2 display very strong band at 567.26 nm ( = 1.164) and considerably much less intense band at 736.86 nm ( = 0.0009). The absorption spectra shown in Figure 5 display a red shift in absorption maxima for SQ1 as compared to the corresponding transition in SQ2 irrespective of the DFT functionals used. As seen in Table 2 and Figure 4 , the first absorption bands for both SQ1 and SQ2 that are in the near IR region (738.87 nm and 736.86 nm, resp.) are typical - * transitions. Furthermore, the third band for both SQ1 and SQ2 that appears at shorter wave length (516.08 nm) is mainly related to HOMO-2-LUMO transition. Orbital analysis has shown that the transitions are heavily mixed. Hence, NTO analysis has been performed [62] . The NTO orbitals of all transitions computed for SQ1 and SQ2 are included in Figure 4 based on the TD calculation at TSSPH/6-311++G * * level of theory. The NTO analysis yields an unambiguous donor-acceptor pair for most cases, thus facilitating the assignment of the nature of the electronic transition. The most prominent transitions in UV-Vis range have been analyzed (Figure 4 ). It can be clearly seen that HOMO is localized to a great extent on the squaraine core, which is associated with the -framework of the squaric ring. One can notice a similar pattern for the charge density distribution in the NTO of both SQ1 and SQ2. Note that in the excited state there is a clear charge transfer towards the acceptor moiety. In SQ1, there is a further clear accumulation of charge on the anchoring group. This charge accumulation has a pronounced effect in the charge injection into the CB of the electrode.
TDDFT calculations on SQ1 dye (see Table 2 ) reveal an intense absorption at 625.25 nm ( = 0.835) associated with the - * electronic transition. This transition corresponds to the excitation from HOMO-LUMO responsible for the facile charge flow from the squaric core to the anchoring group (COOH). As discussed above, in these transitions, the initial states are mainly related to the MOs that are localized on electron-donor groups, while the final states are mainly related to the MOs that are localized on electron acceptor groups. This indicates that the absorptions are photoinduced electron transfer processes; thus the excitations generate charge separated states.
It is instructive at this point to attempt to estimate the light harvesting efficiency (LHE) of the dyes under investigation. LHE can be computed using
where is the computed oscillator strength of the electronic transition. The computed LHE values are listed in Table 2 for the first - * transition for both SQ1 and SQ2. These values suggest that both dyes are promising as photosensitizers with an efficiency ranging from 85 to 95%.
Natural Bond Orbital Analysis. The second-order perturbation interactions (
2 ) between occupied and unoccupied orbitals are used to understand the intramolecular delocalization and donor-acceptor interactions in many systems. In NBO analysis, the delocalization correction to the zerothorder natural Lewis structure, 2 , is estimated within the second-order energy correction as follows:
where is the th donor orbital occupancy, and are diagonal elements (orbital energies), and ( , )
2 are offdiagonal elements, associated with the NBO Fock matrix. Therefore, there is a direct relationship between the ( , ) offdiagonal elements and the orbital overlaps. Results of NBO analysis of SQ1 and SQ2, for which the values of stabilization energies 2 less than 1.0 kcal/mol are not considered, are summarized in Table 3 . The larger 2 value means that the interaction between electron donors and acceptors is more intensive, that is, more electrons donating tendency from electron donors to acceptors and greater extent of charge-transfer interaction across the whole system. It is interesting to shed light on these interactions of squaraine dyes used in DSSC. NBO analysis has been performed on the SQ1 and SQ2 at the B3LYP with 6-311++G * * basis set in order to elucidate the intramolecular interaction and delocalization of electron density within the molecule.
It is interesting to note, in case of the two dyes, that the lone pair on O atoms in squaric ring participates in the stabilization of these dyes through / * and / * interactions as shown in Table 3 . The predominant stabilizing interactions of oxygen atoms in squaric ring show / * interactions arising from the lone pair electron present on oxygen atom to the * of adjacent and far C-C bonds which is more dominant than the - * interactions. For example, in SQ1 dye, 2 has large value for the interaction between O56 and terminal * C11-N6 which amounts to 32.84 kcal/mol. The most predominant interactions, such as O / * C-C , for both SQ1 and SQ2, are listed in Table 3 . As seen in Table 3 , the strong interactions between the lone pair of electron present on oxygen atom (O56) and the neighbors * C15-C20 and * C20-C21 lead to considerable stabilization energies of 281.08 and 122.46 kcal/mol, respectively. On other hand, the stabilization energies for the interaction between O48 and * C11-C16 and * C16-C17 in SQ2 dye are 3.69 and 2.99 kcal/mol, respectively. In general, the values of stabilization energies 2 for SQ1 are much greater than those in SQ2. The third benzene ring in SQ1 increases the conjugated interactions and charge transfer through the molecule.
Another major stabilization interactions have been observed between the p-type lone pair orbital on the two N atoms and the neighbor * C-C antibonding orbitals. The stabilization energy of the two nitrogen lone pairs in the SQ1 and SQ2 is in the 1.0-3.0 kcal/mol range, which is small as compared to the lone pair stabilization interactions on oxygen atoms. This strong stabilization denotes the larger delocalization for these dyes. The intramolecular hyperconjugative interactions are formed between the terminals and the interdistance bonds with antibonding in the rings which are presented in Table 3 . It is evident from this table that the strong intramolecular hyperconjugative interaction of the and electrons of C-C and C-N to the anti-C-C bond of the ring leads to stabilization of the molecule. For example, in SQ1, the intramolecular hyperconjugative interaction of (C27-N28) distributes to * (C21-C22 and C15-C20) that leads to energy stabilization of 26.54 and 15.82 kcal/mol, respectively.
Overall result of the present work highlights the importance of the incorporation of squaraine and benzene rings towards the ground state stabilization of the SQ1 and SQ2 dyes. These results indicated that increasing the conjugated interactions as in SQ1 leads to a reduction in gap energy and shifts the wave length absorption near IR region and thus enhances the efficiency of the photocurrent of SQ1 in DSSC.
Conclusion
The present study utilizes DFT methods as very effective means that can provide a systematic approach towards the design of efficient solar energy conversion systems such as sensitizers for dye-sensitized solar cells. Thus, the structural, electronic, and optical properties of prototype dyes SQ1, SQ2, and Py were studied at the DFT/TDDFT methods. The three studied dyes have coplanar structure. Results confirm that electrons in SQ1 and SQ2 dyes can be efficiently injected from dyes to CB of TiO 2 . Several different DFT functionals have been used in TDDFT calculations to predict the electronic absorption spectra of the studied quatrain dyes. The TDDFT results indicated that TPSSH functional is in much better agreement with experiment. Overall, the present results indicated that the two squaraine dyes (SQ1 and SQ2) exhibit intense and sharp absorption bands in the visible and near infrared regions. These absorption results are in a considerable high light harvesting efficiency (LHE). The intramolecular charge-transfer transitions arising from the "donor-acceptor-donor" arrangements of these dyes have an interesting effect on their excited state properties. The planar structure of SQ1 and SQ2, respectively, in combination with their extended conjugated -framework throughout the molecules and their excited state electron distribution involving the carboxylic anchor group allow a highly efficient optical transition. This is reflected in a marked open-circuit voltage ( oc ) for both SQ1 and SQ2. The squaraine dye SQ1 seems superior in this respect. Furthermore, NBO analysis shed light on the necessary ground state stabilization interactions where / * and / * interactions are complementing each other in the stabilization. The reduction of the HOMO-LUMO energy gap clearly explains the charge-transfer interactions and charge transport process taking place within the studied system. The approach adopted in the present work represents an effective tool for further predictions of new organic dyes.
